The embryonic lineage of intramural cells, microstructural organization of the extracellular matrix, local luminal and wall geometry, and haemodynamic loads vary along the length of the aorta. Yet, it remains unclear why certain diseases manifest differentially along the aorta. Toward this end, myriad animal models provide insight into diverse disease conditions-including fibrosis, aneurysm and dissection-but inherent differences across models impede general interpretations. We examined region-specific cellular, matrix, and biomechanical changes in a single experimental model of hypertension and atherosclerosis, which commonly coexist. Our findings suggest that (i) intramural cells within the ascending aorta are unable to maintain the intrinsic material stiffness of the wall, which ultimately drives aneurysmal dilatation, (ii) a mechanical stress-initiated, inflammation-driven remodelling within the descending aorta results in excessive fibrosis, and (iii) a transient loss of adventitial collagen within the suprarenal aorta contributes to dissection propensity. Smooth muscle contractility helps to control wall stress in the infrarenal aorta, which maintains mechanical properties near homeostatic levels despite elevated blood pressure. This early mechanoadaptation of the infrarenal aorta does not preclude subsequent acceleration of neointimal formation, however. Because region-specific conditions may be interdependent, as, for example, diffuse central arterial stiffening can increase cyclic haemodynamic loads on an aneurysm that is developing proximally, there is a clear need for more systematic assessments of aortic disease progression, not simply a singular focus on a particular region or condition.
Introduction
The aorta is the primary conduit for blood flow and its unique structure, mechanical properties, and function play critical roles in health. Diseases of the aorta are responsible for significant morbidity and mortality, including multiple conditions (e.g. aneurysmal rupture and dissection) that lead to sudden death. Hypertension and atherosclerosis commonly coexist, and there is strong epidemiologic and experimental evidence that they exacerbate one another, particularly in conduit vessels such as the aorta. Angiotensin II (AngII) is the primary effector molecule of the renin-angiotensin system [1] . This octapeptide is a critical mediator of arterial homeostasis, but it is also fundamental in hypertensive and age-related stiffening, development of atherosclerosis, and progression of aortic aneurysms and dissections in central arteries [2, 3] . Given its central role in such conditions, chronic infusion of AngII in rodents has been used widely to model ageing (low dose), atherosclerosis and hypertension (moderate dose), and aortic aneurysms and dissections (high dose) [4] [5] [6] [7] .
AngII increases blood pressure (i.e. mechanical loading) and promotes inflammation (i.e. intramural infiltration of inflammatory cells), hence it is important to define spatio-temporal interrelations between mechano-and immunomediated aortic remodelling in AngII infusion models of disease. Here we present the first direct comparison of evolving cell-matrix content and biaxial wall mechanics within four regions of the aorta, from proximal thoracic to distal abdominal. We use chronic infusion of AngII in atherosclerosis-prone adult male mice to induce systemic hypertension and compare spatiotemporal changes using (immuno)histological data to assess wall content and biological activity as well as in vitro biomechanical analyses to assess wall properties, including elastic energy storage, intrinsic material stiffness, and overall structural stiffness. The data reveal spatially distinct, time-dependent changes in cell and matrix composition and wall geometry that lead to altered biomechanical behaviours and associated regional propensities to aneurysmal dilatation, fibrotic stiffening, dissection, or short-term mechanoadaptation despite a delayed obstructive neointimal formation. Importantly, mechanical stimuli precede, and likely drive, inflammatory mediators that lead to differential regional arterial stiffening, a key indicator and initiator of diverse cardiovascular, neurovascular and renovascular diseases [8, 9] .
Material and methods
The electronic supplementary material provides detailed descriptions of all experiments and methods for image and data analysis (see electronic supplementary material, equations S1 -S6) along with quantitative information, and additional discussion, on changes in tail-cuff measured blood pressures and associated spatio-temporal changes in biaxial biomechanical behaviours and immunohistological characteristics (see electronic supplementary material, figures S1 -S10 and tables S1 -S6). All salient findings are summarized below in Results. Unless noted otherwise, values for wall geometry, stress, stiffness and energy storage are presented at the time-specific systolic blood pressure and time-and region-specific axial stretch.
Results

Blood pressure elevation
Infusion of AngII at 1000 ng kg 21 min 21 for 28 days in 19.4 + 0.2-week old, male apolipoprotein-E null (ApoE 2/2 ) mice fed a standard, low-fat laboratory diet increased systolic/diastolic blood pressures monotonically from 112 + 4/80 + 3 mmHg at baseline (i.e. 0 days) to 186 + 6/141 + 6 mmHg at 28 days ( p , 0.001), with elevated values approaching steady state by 14 days (electronic supplementary material, figure S1 and table S1). Cessation of AngII infusion at 28 days allowed pressure to drop to 140 + 11/107 + 10 mmHg by 224 days, which remained elevated relative to baseline but was similar to that of non-infused age-matched mice (138 + 5/105 + 6 mmHg; p . 0.05).
General findings along the aorta
Distensibility is an often used metric of local structural stiffness [8] (electronic supplementary material, equation S6).
Calculations revealed an early and sustained, significant reduction in distensibility ( p , 0.001; figure 1a) in all four regions examined (electronic supplementary material, figure  S2 ): ascending thoracic aorta (ATA), proximal descending thoracic aorta (DTA), suprarenal abdominal aorta (SAA) and infrarenal abdominal aorta (IAA). Changes at 4 days were greatest in the most proximal segment (55% reduction in ATA) and least in the most distal segment (37% reduction in IAA). Whereas distensibility tended to the same level in the ATA, DTA and SAA by 28 days of AngII infusion, the percent change remained most modest in the IAA. Given the modest-to-moderate changes in luminal diameter in all regions (electronic supplementary material, table S2), distensibility decreased primarily due to the progressive increases  in blood pressure (electronic supplementary material, table  S1 ) and associated increases in wall thickness (figures 1b and 2), which limits pressure-induced distensions. Increases in the thickness of the ATA and IAA tended to track the 28-day time course of blood pressure change, albeit to varying degrees. This relationship was markedly different in the DTA and SAA, where thickness tracked blood pressure over the first 14 days but increased dramatically thereafter despite the near stabilization in blood pressure. Notwithstanding the significant increases in unloaded medial thickness in three of the four regions at 28 days ( p , 0.001; figure 2a,f -i and electronic supplementary material, table S4), the main contributor to the overall increase in wall thickness in the ATA, DTA and SAA was a significant increase in adventitial collagen ( p , 0.001; figure 2a-d). Similar spatiotemporal trends were observed for the significant decreases in the in vivo axial stretch ( p , 0.1 to 0.001; figure 1c), again most dramatic in the ATA and least so in the IAA. Differences in axial properties reveal the need to consider the wall mechanics biaxially [10, 11] . Intramural cells are sensitive to changes in wall stress [12, 13] . Circumferential and axial Cauchy stress-stretch data (figure 1d,e and electronic supplementary material, figure  S3B ) confirmed an expected early increase in wall stress due to the initial increase in blood pressure. Wall stress subsequently decreased in all regions consistent with increases in wall thickness and decreases in axial stretch ( figure 1b,c) ; again, changes were least dramatic in the IAA. Interestingly, the percent increase in circumferential stress was highest in the SAA at 14 days (68%) whereas it peaked at lower percent increases (,50%) at 4 days in the other three regions. The eventual reduction in circumferential stress resulted in values well below normal in the ATA and especially in the DTA ( p , 0.05) and SAA, with the latter two reductions manifesting abruptly at 21 days consistent with the dramatic pressure-independent increase in wall thickness. The time course of changes in axial stress was similar to that of circumferential stress across the four regions: monotonic changes in the ATA, little change in the IAA and slight increases followed by abrupt decreases in the DTA and SAA.
Ascending thoracic aorta (ATA)
A key mechanical function of large arteries is to store elastic energy during systole and to use this energy to work on the blood during diastole to augment blood flow [14, 15] . In contrast to the initially rapid loss of distensibility (recall figure 1a), elastic energy storage decreased more slowly in the ATA, reaching an apparently new steady-state value within 14 days that was significantly lower than baseline ( p , 0.001; figure 1h and electronic supplementary material, figure S9 ), the same period over which blood pressure reached its near steady state (electronic supplementary Figure 1 . figure S1 ). Whereas distensibility, stored energy and axial stiffness (figure 1g) all decreased nearly monotonically over the 28 days of AngII infusion, notwithstanding greater specimen-to-specimen variability the circumferential material stiffness (figure 1f ) increased dramatically over the first 14 days (2.9-fold higher on average), then decreased though not recovering its original level (remaining 1.8-fold higher at 28 days). Interestingly, the modest reductions in circumferential stiffness occurred after day 14 despite the nearly constant blood pressure (electronic supplementary material, figure S1 ) and wall thickness (figure 1b, electronic supplementary material, table S2A). Recalling that wall thickness increased due to both an early expansion of the media and a later extensive deposition of collagen in the adventitia (figure 2a,b,f and electronic supplementary material, figure S5 , tables S4 and S5A), immunohistochemistry yet revealed early increases, by day 4, in MMP-2 and -13 (a gelatinase and collagenase, respectively, that can degrade collagen fibres), which persisted in the media and adventitia through day 28; delayed (up to day 14) adventitial increases in MMP-12 (an elastase) also persisted to day 28 (figure 3a-c and electronic supplementary material, figure  S7 and table S5A). By day 14, the media often exhibited many sites of focal breakage of elastic laminae (electronic supplementary material, figure S6 ) consistent with degeneration of the medial layer and loss of mechanical integrity [16] , both of which can lead to aneurysmal dilatation.
Descending thoracic aorta (DTA)
Unlike its ascending counterpart, the DTA exhibited an early increase in elastic energy storage followed by a gradual return to normal by 14 days, then a precipitous drop (79% reduction) to levels significantly below normal by 21 -28 days ( p , 0.001; figure 1h ). Histological examination of the DTA failed to reveal either breakage of elastic laminae or focal medial degeneration as in the ATA (electronic supplementary material, figure S6 ), consistent with the lack of dilatation. Immunohistological analysis revealed a transient but non-significant increase, at day 4, in MMP-13 (figure 3c), suggesting an early increased potential for collagen degradation. The intrinsic circumferential stiffness increased slightly over the first 4 to 7 days, likely due to pressure-induced stretching of extant collagen fibres, but this stiffness decreased by 21 days to a level close to baseline (figure 1f ). Axial stiffness similarly increased and then decreased, albeit to a persistently lower level than baseline (figure 1g), consistent with a delayed reduction in axial stretch (figure 1c). These non-monotonic changes in energy table S2B ). Although qualitatively similar to the predominant adventitial thickening of the ATA, the relative thickening of the DTA was greater (2.4 fold versus 1.9 fold in ATA), again driven by a dramatic increase in adventitial collagen (figure 2a,c,g and electronic supplementary material, figure S5B ). Toward this end, MMP-2, -12 and -13 activity was not significantly different from day 14 to 28 (figure 3a-c, electronic supplementary material, table S5B), suggesting an increased deposition of matrix without concomitant degradation.
Suprarenal abdominal aorta (SAA)
Like the DTA, the SAA experienced an early increase in stored energy (figure 1h), albeit one that persisted over the 14 days that blood pressure increased (electronic supplementary material, figure S1 ), prior to decreasing abruptly at 21 days (70% reduction) and remaining significantly lower than baseline through 28 days ( p , 0.05 to 0.01; figure 1h ). This observation paralleled the abrupt increase in wall thickness and decrease in axial stretch at 21 days (figure 1b,c). Interestingly, circumferential material stiffness increased over the first 14 days, while pressure increased, then returned toward baseline at 28 days (figure 1f ) while pressure remained nearly the same (electronic supplementary material, figure S1 ). Axial stiffness also increased over the first 14 days, then decreased to a value just lower than baseline (figure 1g). The SAA alone showed a slight early reduction (at day 4) in the percentage of the wall occupied by the adventitia (figure 2d, electronic supplementary material, table S4), consistent with a peak in MMP-13 activity and high medial MMP-2 expression after day 4 (figure 3a-c, electronic supplementary material, table S5C). This initial decrease was followed by an increase in adventitial thickness due to considerable collagen deposition (figure 2a,d,h and electronic supplementary material, figure S5B ).
Infrarenal abdominal aorta (IAA)
Despite an early decrease in distensibility (figure 1a), likely due to the increases in pressure (electronic supplementary material, figure S1 ) and wall thickness (figure 1b), the IAA exhibited the least biomechanical changes of the four regions. There were modest changes in biaxial stress (figure 1d,e and electronic supplementary material, figure S3B), elastic energy storage (figure 1h and and electronic supplementary material, figure S9 ) and circumferential material stiffness (figure 1f ), with only a slight increase in axial material stiffness (figure 1g) that may have offset the gradual progressive decrease in axial stretch (figure 1c). These modest changes were consistent with a minimal change in wall composition (figure 2a,e) and overall geometry (electronic supplementary material, table S2D). Importantly, MMP-13 did not change over the 28-day period, though MMP-2 and -12 increased and remained elevated in the adventitia (figure 3a-c, electronic supplementary material, table S5D). Whereas the DTA experienced marked adventitial thickening in the absence of elevated MMP levels (i.e. deposition . rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20170327 degradation), increased MMP-2 expression in the IAA may have mediated the marginal adventitial changes due to an increased potential to turnover matrix (deposition ffi degradation). Finally, note that the baseline distensibility (figure 1a) and elastic energy storage (figure 1h) were lowest in the IAA, consistent with its more distal location and reduced elastic fibre content (figure 2a,e and electronic supplementary material, figure S5, table S5D ), yet its evolving biaxial stiffness was comparable to the DTA and SAA. Bestfit values of material parameters used to compute all relevant material metrics for each time and region are given in electronic supplementary material, table S3.
Inflammatory infiltrates
Mechanical stress can promote the deposition and degradation of matrix by intramural cells, the latter primarily via MMP production and activation [17, 18] . Mechanical stress can also promote the expression of diverse chemokines (e.g. MCP-1) and cytokines (e.g. TGFb) that can influence inflammatory cell recruitment and activity [13, 19] . Baseline numbers of CD45 þ (a pan-inflammatory leukocyte marker) cells were low in all four regions, but differentially increased over the 28 days of AngII infusion (figure 3d and electronic supplementary material, figure S7B and table S5). Consistent with the aforementioned compositional and mechanical findings, significant increases in CD45 þ cells occurred earliest in the ATA and then in the DTA and SAA ( p , 0.01 to 0.001), with the smallest changes in the IAA ( p , 0.05). Indeed, the consistently high levels of CD45 þ cells from 14 to 28 days in the ATA (figure 3d, electronic supplementary material, table S5A) mirrors the constancy over this period in wall thickness and axial stretch (figure 1b,c), biaxial wall stress (figure 1d,e) and stored energy and axial stiffness (figure 1g,h). Relative CD45 expression was far greater in the adventitia than in the media in the ATA, DTA and SAA, particularly on or after day 14, consistent with the preferential thickening of the adventitia in these regions (figure 2a-d,f-h). While the IAA experienced less change in wall thickness relative to other regions, histological inspection revealed a modest thickening in both the medial and adventitial layers (figure 2a,i, tables S2D and S4), consistent with the near uniform low density of CD45 þ cells (figure 3d, electronic supplementary material, figure 3e and electronic supplementary material, figure S7A ) tracked the presence of CD45 þ cells in the ATA and DTA, consistent with prior observations [20] ; CD3 þ cell density was also highest in the adventitia of the DTA at 28 days, consistent with the greatest collagen deposition of any region at any time (cf. figure 2a,c,g ). Finally, baseline numbers of CD68 þ cells (a macrophage marker; figure 3f and electronic supplementary material, figure S7C ) were also low in all regions, but increased by day 14 in the ATA and especially by day 28 in the DTA and SAA. Temporal changes in circumferential stiffness did not track those for inflammatory infiltrates in any region.
Mechanoinflammatory correlates
Given the multiple cell types and MMPs considered as well as the many mechanical metrics, we computed Pearson productmoment correlations amongst 16 variables of interest (i.e. two mechanical stimuli-mean and pulse pressure, six biological responses-expression of three inflammatory cell markers and three MMPs, and eight mechanical consequences- figure S10A ), (ii) data grouped by thoracic (ATA, DTA) or abdominal (SAA, IAA) segment (figure 4a,b) and (iii) data for the four individual regions (electronic supplementary material, figure S10F-I). Notwithstanding differences between the ATA and DTA and between the SAA and IAA (figure 1, electronic supplementary material, table S2), comparisons between thoracic and abdominal segments were informative. For example, most metrics that correlated with increased pressure, correlated better with pulse than mean pressure, consistent with a prior finding using a different model of induced hypertension [22] . The thoracic aorta tended to have stronger correlations between wall mechanics and inflammation than did the abdominal aorta. Namely, whereas inflammatory cells correlated positively with blood pressure ( p , 0.01) and wall remodelling (thickness; p , 0.01) and negatively with multiple metrics of aortic function (stored energy, biaxial stress; p , 0.05) in the thoracic aorta, the strength and significance of these correlations was less in the abdominal aorta ( figure 4a,b) . Importantly, independent of region, overall wall thickness had a strong positive correlation with CD45 þ cells ( p , 0.01) while energy storage had a strong negative correlation ( p , 0.05), indicating consistent relationships between inflammatory burden and wall remodelling leading to a loss of aortic function. Recalling that circumferential stiffness was maintained at or restored to near baseline values in all regions except the ATA (figure 1f), it was not surprising that this metric did not correlate with any inflammatory indicator and thus may be controlled mainly by mechanosensing or mechanoregulation of the extracellular matrix [23] .
Long-term responses along the aorta
Many of our AngII infused mice (.60%) presented with a thoracic aneurysm, a stable dissection of the SAA, or sudden death due to a ruptured lesion within 28 days; affected regions from these mice were excluded from this study as we focused on biomechanical propensity to disease (hence the regular, low-fat diet). Note, however, that three mice presenting with a stable SAA dissection at euthanasia (figure 5) were studied for approximately 7 months following the 28-day infusion with AngII (224 days post-surgery) to assess the potential for either reverse remodelling or continued disease progression. Long-term findings for the ATA, DTA and IAA were compared with vessels harvested at baseline, immediately following AngII infusion for 28 days, or after approximately 1 year of age (age-matched) without any history of AngII infusion (224d no AngII; figure 5a-h). The previously treated ATA (224d, figure 5 ) showed a persistent long-term elevation in circumferential material stiffness (approx. 2.9-fold at systolic pressure) at a level similar to that which evolves in this region with normal ageing up to approximately 1 year (224d no AngII; figure 5e). The longterm, previously treated ATA also had values of axial stretch, axial stiffness, circumferential and axial stress and energy storage that differed little from the 28-day infusion group ( p . 0.05 versus 28 days for all metrics; figure 5 ) and thus were markedly reduced relative to the young control ( p , 0.05 or p , 0.001 versus 0 d; figure 5b-d,f,h ). Although natural ageing to approximately 1 year resulted in significantly decreased axial stretch, axial stress and energy storage ( p , 0.05 rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20170327 versus 0d; figure 5b,d,h), these reductions from baseline were much less than those in the AngII infused groups ( p , 0.001 versus 0d). Indeed, ageing alone did not affect circumferential stress or axial stiffness primarily because of the modest effect on the unloaded thickness ( p . 0.05 versus 0d; figure 5a,c,f ). Of course, given the long half-life of vascular elastin, one should not expect ageing (with little to no natural elastic fibre degradation) to reduce energy storage to levels similar to those in cases of pathological elastic fibre fragmentation (cf. electronic supplementary material, figure S6 ). While wall thickness was similar among AngII infused groups, histological analysis revealed changes in wall composition (electronic supplementary material, figure  S5A ). In particular, by 224 days, an average ATA cross-section contained 11% neointima and 27% adventitia, a marked reduction from 51% adventitia at 28 days (figure 5i,m, electronic supplementary material, table S4).
In contrast, the previously treated DTA showed persistent values of circumferential stiffness at a level slightly lower than both the 0 and 224 day controls ( p , 0.01 versus 224d no AngII; figure 5e). The lower values of axial stretch and stiffness, circumferential and axial stress and energy storage that resulted from 28-day infusion with AngII ( p , 0.05 or p , 0.001 versus 0d; figure 5b-d, f -h) improved only slightly over the 7-month recovery period, driven primarily by a modest reduction in unloaded wall thickness (from 279 to 232 mm; figure 5a, electronic supplementary material, table S2B). This reduction in thickness appeared to result from a reduced adventitial wall percentage (74% at 28 days versus 45% at 224 days; figure 5j,n, electronic supplementary material, table S4), which appeared sufficient to improve distensibility (p , 0.01 versus 28d; figure 5g) and increase biaxial stress and stored energy slightly ( figure 5c,d,h ), though not to baseline levels. Interestingly, ageing alone did not affect any of the mechanical metrics in either the DTA or IAA, save a modest decrease in distensibility ( p , 0.001 and p , 0.05 versus 0 days in the DTA and IAA, respectively; figure 5g) and a slight increase in axial stiffness ( p . 0.05 for both regions; figure 5f ).
In stark contrast, despite showing modest compositional or biomechanical changes over 28 days of AngII infusion (cf. figures 1 and 2) , the IAA developed a marked neointimal thickening (figure 5) that was nearly occlusive, occupying 57%, on average, of the total wall cross-sectional area by
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Discussion
Pressure-induced increases in aortic wall stress stimulate a local production of both AngII, which associates with increases in TGFb and promotes matrix deposition [17, 24] , and MMPs, which drive matrix degradation [18, 25] . Elevating pressure with exogenous AngII can exacerbate both responses, though not necessarily equally. It is, of course, the ratio between deposition and degradation that largely dictates whether a local biomechanical response is homeostatic or pathologic [26, 27] . This study shows, in adult male ApoE 2/2 mice, that the time courses, types and extents of biomechanical responses to the same chronic AngII stimulus differ significantly across aortic regions (figures 1 and 2 and electronic supplementary material, figure S5 ), leading to a propensity to aneurysmal dilatation (ATA) [16] , a marked structural stiffening via excessive fibrosis (DTA) [20] , a propensity to dissection (SAA) [4] or an early homeostatic response followed by a marked long-term neointimal development (IAA). Notwithstanding possible haemodynamically driven regional differences in pulse pressure, it was remarkable that such different disease processes manifested within a single hypertensive model. High-dose AngII infusion in ApoE 2/2 mice is widely used to study the pathology of aortic dissections, which occur almost exclusively in the SAA in these mice [4, 28, 29 ] (in contrast to humans wherein dissections manifest in the thoracic (figure 1d,e,h ). Since functional elastic fibres are not produced in maturity [14] , this transient increase in energy storage implies a greater deformation of the elastic fibres at 4þ days, which could occur via an increase in pressure, a reduction in the constraining fibrillar collagens, or both. Noting that suprarenal aortic dissection typically occurs within 3-10 days after starting AngII infusion [28] , the continued increases in these mechanical metrics suggests a delayed deposition of the collagen that is needed to stress shield the media during this period of increasing pressure (electronic supplementary material, figure S1 and table S1) and increased MMP activity ( figure 3, electronic supplementary material, table S5) . Indeed, the SAA experienced the smallest early increase in wall thickness (figures 1b and 2, electronic supplementary material, table S2C) and it alone saw a reduction at day 4 in the percentage of wall occupied by adventitia (figure 2d, electronic supplementary material, table S4), consistent with increased levels of MMPs (figure 3a,c, electronic supplementary material, table S5C). That CD68 þ cells were not increased during this vulnerable period likely reflects the selection bias in that we only studied vessels that had not dissected at the time of tissue harvest; SAAs at 4 and possibly 7 days could have gone on to dissect if left in vivo, whereas those at 14-28 days would likely not have dissected if left in vivo. We expect early increases in energy storage, wall stress and CD68 þ cell activity to be even greater in vessels that dissect and especially those that rupture (approx. 10% of those that dissect). Finally, we recently reported that increased smooth muscle contractility can stress shield an otherwise vulnerable wall [30] . Albeit not shown, we confirmed weak contractility in the SAA in response to AngII, consistent with the low density of AT 1b receptors in this region [31] , which could have contributed to its dissection propensity. Among many other possible factors, material discontinuities at branches could also contribute to dissection [32] , hence the early biomechanical vulnerability of the SAA likely results from a confluence of multiple mechano-and immuno-mediated factors in AngII infusion. Recently, there has been an increased focus on aneurysms in the ATA following AngII infusion in the ApoE 2/2 mouse [16, 33] . One distinctive mechanical feature manifested in this region-circumferential material stiffness increased many-fold and remained elevated (figures 1f and 5e, electronic supplementary material, table S2A). That is, in contrast to early increases in circumferential stiffness (which one expects with increasing pressure and initial delays in collagen deposition) in the DTA, SAA and IAA that soon resolved, there was an unsuccessful attempt by intramural cells to restore this stiffness in the ATA alone. Importantly, circumferential stiffness otherwise tends to be well maintained across species under normal conditions [34] and across diverse genetic mutations that lead to mild vascular phenotypes [35, 36] . That is, there is normally a strong mechanobiological control of the homeostatic mechanical state even under altered loading [23] , likely accomplished via the degradation of overstretched native matrix and incorporation of new matrix having a preferred deposition stretch [27] . In contrast, our finding for the ATA is consistent with the recent observation that increased circumferential stiffness both precedes and associates with ascending aortic aneurysms in a Fbn1 mgR/mgR mouse model of Marfan syndrome [37] . It is not clear why intramural cells of the ATA alone were unable to maintain the intrinsic circumferential material stiffness in AngII infusion, but this inability also manifested in normal ageing (figure 5). Perhaps this distinctive feature relates to a prior finding that we confirmed; namely, that the ATA alone exhibits smooth muscle cell hyperplasia (not hypertrophy) in response to AngII infusion (electronic supplementary material, figure S8A ) [38] . There is motivation to determine whether an intrinsic phenotypic difference explains this distinct biomechanical behaviour and subsequent aneurysmal propensity. Finally, the ATA alone exhibited fragmented elastic fibres, which also contribute to aneurysmal dilatation [27] . Albeit observed in the SAA (3.7-fold increase in unloaded adventitial cross-sectional area at 28 days of AngII infusion) and ATA (5.5-fold increase), over-thickening of the adventitia was most prominent in the DTA (7.3-fold increase), which alone experienced significant ( p , 0.01) reductions in circumferential wall stress at 28 days. Notwithstanding an initial increase over the first 14 days, circumferential stiffness was nevertheless well maintained and restored near baseline values at 21 and 28 days in the DTA (figure 1f, electronic supplementary material, table S2B). Biaxial stresses and stored energy similarly increased, then returned toward baseline levels over the first 14 days, the period during which blood pressure was increasing. Hence, the precipitous decreases in wall stress and energy storage coincided with the dramatic thickening of the wall, particularly in the adventitia ( figure 2a,c,g ). Importantly, these changes at 21þ days also coincided with marked increases in CD45 þ and CD3 þ cells in the adventitia (figure 3d,e, electronic supplementary material, table S4B). The important role of T-cells in inflammationmediated DTA stiffening has been demonstrated in that exuberant adventitial deposition of collagen following AngII infusion is eliminated in male Rag1 2/2 mice but restored upon adoptive transfer of T-cells [20, 39] . Consistent with results from other regions, our time course data show further that inflammation-mediated matrix deposition follows, rather than precedes, mechanically mediated changes ( figure 4c,d) ; moreover, it is this excessive inflammatory mediated matrix deposition that appears mechanically maladaptive and ultimately compromises aortic function. For example, a decrease in energy storage can result from mechanical damage to or proteolytic degradation of the energy storing elastic fibres and/or a reduced ability of the wall to deform due to increased adventitial collagen deposition. The latter was likely the cause in all regions save the ATA where both factors played a role (electronic supplementary material, figure S6 ). Finally, the long-term persistence of biomechanical changes in the DTA (e.g. reduced stresses and stored energy; figure 5c,d,h) following a 7-month reduction in blood pressure (electronic supplementary material, figure S1 ) suggests that reverse remodelling typically occurs extremely slowly, if at all. Reversal of aortic stiffness in ageing and hypertension remains an important but challenging clinical goal [40] . Despite exposure to a dramatic increase in blood pressure and exogenous AngII, the IAA exhibited relatively modest changes in composition and mechanics over the 28-day hypertensive period. Toward this end, note that mechanoadaptive remodelling in hypertension with preserved cardiac output suggests a linear relationship between the change in thickness and the change in systolic pressure, whereby the wall should thicken by the same factor as the increase in blood pressure rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20170327 (i.e. systolic wall thickness h ! gh 0d where g ¼ P sys =P 0d sys and superscript 0d denotes baseline values at day 0) [21] . Thus, comparisons between relative thickness and systolic pressure can be used to assess region-specific mechanoadaptation over time. Importantly, comparing the systolic pressure ratio g at 0, 4, 7, 14, 21 and 28 days (with g ¼ 1.00, 1.39, 1.50, 1.62, 1.65 and 1.67; electronic supplementary material, table S1) to the fold-increase in IAA wall thickness at these same times (e.g. 1.00-, 1.13-, 1.28-, 1.59-, 1.66-and 1.66-fold; electronic supplementary material, table S2D) reveals that the thickening was initially delayed, but then mechanically optimal (figure 4e,f). In contrast, the increase in DTA wall thickness was 1.00-, 1.05-, 1.19-, 1.62-, 3.38-and 3 .86-fold for these same times, thus revealing a marked loss of mechanoadaptivity at days 21 and 28 after achieving a near optimal level at 14 days. It is not clear why the IAA alone was able to adapt optimally, but three issues merit consideration. First, the normal IAA has the greatest collagen : elastin ratio (figure 2e) and the additional collagen may better limit rapidly increasing pressure-induced distensions that increase wall stress (with mean circumferential wall stress ¼ Pa/h, where a is the luminal radius) [41] . Second, the pulse pressure could be greater (augmented) in induced hypertension in the more proximal regions, thus increasing the mechanical stimulus for remodelling (noting that pressures were measured by tail-cuff and thus represent values closest to the IAA). Third, the IAA has the highest density of AT 1b receptors along the aorta [31] , which may allow the smooth muscle cells to contract against the elevated pressures induced by exogenous AngII and thereby reduce the mean wall stress; albeit not shown, we confirmed that the IAA exhibits the strongest contraction to AngII of the four regions. Indeed, this possibility supports an earlier theoretical prediction that increased smooth muscle tone reduces wall stress at a given pressure [42] . In all three cases, the mechanical stimulus (e.g. changes in stress from baseline) could be modulated below levels that lead to the maladaptive remodelling seen in the other regions (figures 1d,e and 4e,f). There is a need for additional experimental work and fluid-solid interaction simulations to test these hypotheses.
Notwithstanding the mechanoadaptation of the IAA over 28 days of AngII infusion, there may have been an 'atherosclerotic priming' of this region, possibly due to the increased MMP-2 and -12 expression that facilitated early balanced matrix turnover (figure 3a,b, electronic supplementary material, table S5D), such that a nearly occlusive infrarenal neointima developed in all three mice studied 224 days after pump implantation. While all AngII-treated vessels showed some neointimal development by 224 days, the cross-sectional percentage was most pronounced in the IAA (figure 5i-p and electronic supplementary material, figure S5D-L and table S4). Noting that the SAA likely dissected within the first week of AngII infusion in these mice [28] , it is possible that a thrombotic lesion proximal to the IAA could have contributed to the remarkable neointimal development by releasing soluble factors into the blood that advected downstream. Of course, oxidative stress associated with early exposure to AngII, combined with ageing to approximately 1 year, may lead to increased endothelial dysfunction [43] and thereby may contribute to excessive neointimal formation. These possibilities demand future studies focusing on inflammation and haemodynamics [29] and further emphasize the need for a systematic (fluid-solid biochemomechanical) study of global disease progression with the potential for regional interactions, not just a singular focus on one region or pathology.
Finally, the age-matched control group in the long-term study provided some information on regional differences due to ageing alone in the male ApoE 2/2 mouse. Although the aged ATA, DTA and IAA experienced a reduced distensibility in the face of modest increases in blood pressure (from 112 + 4/80 + 3 mmHg to 138 + 5/105 + 6 mmHg; electronic supplementary material, figure S1 and table S1), neither the DTA nor the IAA experienced any significant change in mechanical properties, save slight increases in axial stiffness ( p . 0.05; figure 5f ). In contrast, the normally aged ATA exhibited both a reduced axial stretch and a reduced ability to store energy ( p , 0.05; figure 5b,h). Storing elastic energy is the primary mechanical function of large arteries, and is of particular importance in the ATA as it may contribute directly to left ventricular function. Albeit not examined here, loss of ATA functionality could increase the propensity for age-related diastolic dysfunction. The relationship between ageing and ventricular -vascular coupling in the context of ATA function demands future study. Finally, although none of the aged ATAs were aneurysmal (mean dilatation approx. 8%), the intramural cells were again unable to maintain circumferential stiffness near normal values (figure 5e), hence suggesting that ageing alone could predispose the ATA to dilatation, at least in male ApoE 2/2 mice, particularly given a second insult such as hypertension.
Conclusion
Increased central artery stiffness is an important initiator and indicator of cardiovascular, neurovascular and renovascular disease [8, 9] . The present data show, for the first time, that adventitial inflammation leading to maladaptive structural stiffening follows, rather than precedes, a blood pressuredriven mechanical adaptation to increased wall stresses, even in a hypertensive model that uses an exogenous pro-inflammatory stimulant. In particular, the time course of remodelling (figures 1-3) and associated mechanoinflammatory correlations (figure 4) are consistent with: (i) an early rise in blood pressure increasing medial stress [41] and resulting in adaptive smooth muscle hyperplasia in the ATA or hypertrophy in the DTA, SAA and IAA (figure 2 and electronic supplementary material, figure S8), with modest medial and adventitial deposition of matrix (figure 2 and electronic supplementary material, figure S5A-D), and (ii) a continued marked rise in pressure increasing adventitial wall stress [41] in the ATA, and especially the SAA and DTA, that stimulates inflammatory cell recruitment along with maladaptive matrix degradation and exuberant deposition in the adventitia, the evolving balance of which dictates the fate of each affected region. The relationships among blood pressure, inflammation, and wall mechanics in the context of this study are summarized in figure 6 . Clearly, controlling inflammation should be pursued if we wish to decrease the insidious positive feedback effects of maladaptive aortic stiffening [8, 9] . Advances in medical imaging and medical genetics have led to an increase in the number of diagnosed ascending thoracic aneurysms, for which hypertension is a key risk factor [44 -46] . The present study supports findings from multiple mouse models [37, 47] showing that intramural cells within the ascending aorta are uniquely unable to control circumferential stiffness and this contributes to aneurysmal propensity. There should be more attention directed to understanding the dysfunctional mechanobiology in this condition [23, 46] . Aortic dissections are lethal conditions, with current dogma suggesting that pathogenesis progresses from an initial intimal defect. The present data support recent evidence that dissections may instead result, in part, from intramural defects [30, 48] , specifically suggesting that a transient imbalance in the turnover of structurally supportive collagen and/or the lack of protective smooth muscle contractility can exacerbate structural vulnerabilities. There is, therefore, a need to focus on mechanisms underlying the formation of intramural defects, not just those associated with the development of an intimal flap. Moreover, although smooth muscle contractility may be greater in the murine than the human aorta, the stress-regulating role of smooth muscle demands more attention.
Aortic ageing is a leading risk factor for myriad diseases [49, 50] . The present data, for modest murine ageing to approximately 1 year, reveal a preferential loss of energy storage capability in the ATA in male ApoE 2/2 mice on a normal laboratory diet. This reduction in energy storage could increase the risk of diastolic dysfunction via the reduction of aortic restoring forces during diastolic filling. There is, therefore, a need for more quantitative assessments of ventricularvascular coupling in terms of the wall mechanics, not just the haemodynamics. Finally, the common clinical metric of distensibility proved unrevealing of any regional disease condition or regional propensity to disease. A greater understanding of differential regional aortic disease demands more focus on intrinsic mechanical properties such as circumferential material stiffness and elastic energy storage as well as greater attention to roles of regional mechano-and immuno-biological responses that control local remodelling. Early mechanical changes ( pressure-and contractility-induced increases in wall stress) drive a later inflammatory response, with positive feedback (orange line) between structural stiffness and blood pressure. Common pathways can yet result in regional differences as revealed by the mechano-adaptive response in the IAA and different maladaptive (aneurysmal propensity, fibrosis, dissection propensity) responses in the other three regions. Mechano-biological and immuno-biological responses serve as central nodes that govern regional differences. Note: a red line denotes negative feedback; blue arrows represent effects on the media and green arrows represent the more pronounced effects on the adventitia. Superscript * indicates findings from references [11] and [41] .
